We examined the impact of three forms of dispersal, stepping-stone, normal and leptokurtic, on spatial genetic structure of expanding populations using computer simulations. When dispersal beyond neighbouring demes is allowed, rare long-distance migration leads to the establishment of pocket populations in advance of the main invasion front and results in spatial clustering of genotypes which persists for hundreds of generations. Patchiness is more pronounced when dispersal is leptokurtic as is the case in many animal and plant species. These results are of particular interest because population genetic parameters such as gene flow and effective population size are commonly estimated using gene frequency divergence information assuming equilibrium conditions and island models. We show how the three forms of dispersal during colonization bring about contrasting population genetic structures and how this affects estimates of gene flow. The implications for experimental studies of the spatial dimension of population genetic structure are discussed.
Introduction
The genetic constitution of most forms of life is not homogeneous in space; it exhibits geographical patterns either because of adaptive differences from place to place or because the homogenizing forces which otherwise smooth out random irregularities have not been effective. One such homogenizing force is the dispersal of organisms throughout the habitat suitable for the species' survival. In population genetics, dispersal is generally viewed as the movement of individuals between demes.
Spatially clustered allele distributions can arise by chance even within continuous populations and in the absence of barriers to dispersal and selection, when only few individuals move between demes and dispersal distance is relatively short (Rohlf & Schnell, 1971; Endler, 1977; Crow & Aoki, 1982) . Furthermore, occasional extinction and recolonization and the resultant bottlenecks can enhance the rate of differentiation between demes (Wright, 1977) . However, Slatkin (1985 Slatkin ( , 1987 has pointed out that, even in the absence of migration, if the *Correspondence events, gene flow, population structure, average time to extinction of local populations is less than the effective population size, extinction and recolonization may actually prevent the genetic differentiation of local populations because of drift. Wade & McCauley (1988) , on the other hand, have shown that differentiation depends critically upon how colonizing groups of individuals are formed and upon the quantitative relationship between the number of colonists and the number of migrants. They argue that in most cases the general effect of extinctions and recolonizations is to promote local genetic differentiation as originally discussed by Wright (1977) . More recently, Whitlock & McCauley (1990) further investigated this using inclusive models which account for the range of scenarios in which founding groups can be formed as well as for the interaction between additive and nonadditive genetic variance (Whitlock et a!., 1993) .
In deriving these conclusions, Slatkin (1977) and Wade & McCauley (1988) investigated four models of population structure which differed in the source of the migrant individuals and the colonists. In these models, migration occurs at a constant rate m and migrants are either from an external source with a constant gene frequency or are drawn at random 282 from a finite number of subdivided populations.
Similarly, new populations are founded by choosing randomly k colonists either from a single randomly chosen local population (the propagule pool model) or the entire metapopulation (the migrant pooi model).
These idealized models do not take into account the impact of forms of dispersal, i.e. the spatial distribution of migrants and colonists relative to their source demes, during colonization. In fact, in most analytical and simulation studies of isolationby-distance or drift, forms of dispersal that do not take long-distance movement into account have been assumed (Slatkin, 1981 (Slatkin, , 1993 Sokal et aL, 1989; Epperson, 1993) . It is argued that because the numbers of long-distance migrants are small, they are unlikely to become established at their destinations and bring about long-distance gene flow. Rohlf & Schnell (1971) used simulations to compare dispersal represented by a normal function and stepping-stone-type dispersal but found little difference in the levels of genetic differentiation between localities. However, it has been suggested that the form of dispersal could have a direct effect on spatial genetic structure (Waser & Elliot, 1991) especially when a species is expanding its range (Larson, 1984; Hewitt, 1993; Templeton et a!., 1995) .
In many species of plants and animals dispersal is leptokurtic (Bateman, 1950; Aikman & Hewitt, 1972; Endler, 1977; Lidicker & Patton, 1987; Waser & Elliot, 1991) . Hence, relative to the distances expected if dispersals are normally distributed, many individuals disperse short distances, few intermediate distances and more long distances. An analytical treatment of the effects of such kurtotic movement using realistic models is highly intractable. Instead, we have used simulations to examine the effects of three forms of dispersal, stepping-stone, normal and leptokurtic, on spatial genetic structure of expanding populations. The impact of this on the estimates of various genetic and demographic parameters will be discussed.
Methods
The simulation model was implemented in Borland were compared, the same set of random numbers was used whereas in the case of replicate runs the random number generator (Press et a!., 1990 ) was seeded differently for each run.
Dispersal
The number of dispersers from each deme was In the case of stepping-stone dispersal, only neighbouring demes exchanged dispersers, again at a rate m. In all cases, two displacement values from the dispersal function were either added or subtracted at random to/from the coordinates of the current deme of each disperser to obtain the coordinates of its destination deme. The simulation space was 'rolled' to avoid top and bottom edge effects. Hence dispersal was possible in all directions except out of the eastern and western edges of the simulation space.
Growth
The total number of adults in a deme at generation t (N1) after dispersal was the sum of the nondispersers and the immigrants. The total number of offspring at generation t +1 (N1 +) was drawn from a
Poisson distribution with a mean N±1 =N1+ rN1(k -N1)/k, where k is the carrying capacity of the deme and r is the intrinsic rate of growth. For all the simulations r was kept constant (0.8); it generates N values which increase gradually within the ceiling of k. N, however, can exceed k if the number of immigrants into a deme is greater than the number of dispersers from the deme producing a stable limit cycle. At the beginning of each simulation, N1 is equal to k and zero for inhabited and empty demes, respectively.
Random mating
In each generation, gametic frequencies and disequilibria in the progeny were calculated as in Falconer (1981) . Each offspring was assigned two gametes at random from a rectangular distribution of the frequencies of the four gametic types in the parent population. Because both loci were assumed to be neutral in the present simulations, there was no need to keep track of individual genotypes. Only gametic frequencies were stored.
Sampling
Population size (mean number of individuals per deme SE) was monitored in successive generations until it reached equilibrium size. Thereafter, allele frequencies at the two loci and N, the population size, were saved in successive generations in each and every deme. Contour maps of allele frequencies were drawn using MATHCAD 5.0 (MathSoft, 1994) and an appropriately redimensioned BIOSYS-1 (Swofford & Selander, 1981) was used for the hierarchical analysis of variance in allele frequency.
Results

Dynamics of population size and allele frequency
The three forms of dispersal reached an equilibrium population size of 76±6 individuals per deme by the 80th generation (t 80). For normal and leptokurtic dispersal, all the demes were colonized by t = 45, but population size did not stabilize until t 70 and = 80, respectively. In the case of stepping-stone dispersal, equilibrium population size was reached much quicker because the simulation was initiated with all demes occupied.
The contour maps (Fig. 2) show the spatial distribution of levels of allele frequency at one of the two loci for the three modes of dispersal after 100 and 600 generations. The four colours, red, yellow, green and blue, represent frequency intervals from 0.25 to 0.75. Stepping-stone dispersal generated a fragmented patchwork of high and low frequency areas whose positions persisted for hundreds of generations but which became more and more fragmented with time (Fig. 2c) . Endler (1977) has discussed the implications of these relatively stable dines resulting from stochastic processes and how they could be erroneously ascribed to the action of selective forces in samplebased field studies.
The patches are larger in area and persist longer when dispersal beyond the neighbouring demes is allowed, i.e. in the cases of normal and leptokurtic dispersal. The deviation from the initial 50 per cent allele frequency in these patches is highest for leptokurtic dispersal (Fig. 2a) . This could be because, in this form of dispersal, rare long-distance migrants colonize demes way ahead of the main front and act as foci for the establishment of areas of similar genotype derived from a single or a few colonists. We tested this using the data set represented in the form of a contour map as in The plot of mean r vs. d (Fig. 3a) clearly shows that: (a) in stepping-stone dispersal the correlation in allele frequency is between neighbouring demes only; (b) there is significant positive correlation (P <0.01) in the allele frequency of demes up to twice the variance of the dispersal curves apart (10 demes) in the case of both normal and leptokurtic dispersal; (c) r is consistently higher in leptokurtic dispersal than normal dispersal; (d) there is an exponential decline in r with increase in the distance between the paired demes, and the rate of decline in leptokurtic dispersal is three time as high as that for normal dispersal (Fig. 3b) ; and (e) r is still significant for distances up to 10 demes after 600 generations; however, the rate of decline of r with distance is much lower. Similar trends were observed in paired demes sampled from t =200 and t = 500. These observations show that the three forms of dispersal generate significantly different spatial distributions of alleles. Long-distance dispersal leads to the clustering of demes with similar allelic frequencies, possibly because of founder effects. This is much more the case when the long-distance dispersal is leptokurtic.
Population genetic structure None of the three forms of colonization produced dines or smooth patterns in allele frequency that span the whole simulation space (Fig. 2) . The high correlation between the distribution of alleles and the distance between demes, however, indicates the formation of patches or clusters of demes with similar allelic frequencies.
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In order to test if the three forms of dispersal generated different levels of patchiness, the distribution of alleles in 12 regularly spaced regions (windows) in the simulation space each of 3 x 4 demes was saved at t = 100 and t = 600. Four replicate simulations were run for each form of dispersal.
A hierarchical analysis of the variance in allele frequency (gene diversity) at both loci enabled partitioning the total variance into: within demes (HD), between demes within regions (DDR), between demes (DDT) and between regions (DRT) (Nei, 1973, The Genetical Society of Great Britain, Heredity, 77, 282-291.
1977; Wright, 1978) . Table 1 shows the components of the total variance for the four replicate runs and estimates of the extent of differentiation between the regions (windows) based on Wright's hierarchical F-statistics (Wright, 1965) . The variance within demes, HD, and the total variance, HT, are consistently lowest for leptokurtic dispersal compared to normal and stepping-stone dispersal. The last two generate similar levels of within-deme diversity. Because of the longer range of the rare leptokurtic migrants, they would tend to have a longer time to reproduce and fill the demes they colonize before the main front of advance reaches the new habitat. This results in low withindeme variance. The similarity in the levels of HD generated by normal and stepping-stone dispersal confirms previous findings (Rohif & Schnell, 1971) . In all four replicate runs and for all forms of dispersal HD increases with time whereas HT is more or less at equilibrium.
The variance between the 12 demes within each region, DDR, is also lowest in leptokurtic dispersal. As was evident from the correlation between allele frequency within demes and the distance between demes (Fig. 3) , it appears that the bottleneck effect of long-distance colonization has led to the formation of clusters of demes with similar allele frequencies at both loci. It is also possible that the demes within each region show less variability when dispersal is leptokurtic simply because there is more homogenization between all the demes in the simulation space. However, Table 1 shows that the overall variance between demes, DDT, is comparable in all the three forms of dispersal.
Consistent with the expectation from a patchy distribution of alleles and the above observations, the variance between the regions, DRT, is highest for leptokurtic dispersal (Table 1) . This is even more evident in the ratio DRT/HT (Fig. 4b) which is equivalent to Wright's F measure of subdivision, in this case FRT. After 1500 generations, FRT is still significantly higher for leptokurtic dispersal, although the rate of decay appears to be faster than in the other forms of dispersal. The measure of differentiation between demes within a region, FDR, is in contrast lowest for leptokurtic dispersal (Fig. 4a) . As the simulations progress, intermixing between neighbouring demes increases and FOR approaches a similar equilibrium value in the three forms of dispersal. The results presented herein are an attempt at examining the sorts of spatial pattern that can be generated by the combination of mode of dispersal during colonization and drift in two dimensions. The study can be seen as an extension of previous work (Slatkin, 1977; Wade & McCauley, 1988; Whitlock & McCauley, 1990 ) on extinction and recolonization, with special emphasis on the spatial dimension of the impact of pioneer colonization on subsequent population genetic structure.
The metapopulation model used in this study is similar to Slatkin's Model H which comprises a finite Fig. 4 Measures of differentiation among demes within regions, FoR (a), and among regions, FaT (b), plotted against time in generations. When long-distance dispersal is allowed, FDR values for leptokurtic and normal dispersal approach similar values by t = 600 whereas FaT is significantly higher for the former even at t = 1500.
array of subdivided populations. However, the dispersal functions which define the way in which colonists are chosen to found new populations are quite different from the two forms considered by Slatkin. His 'migrant pool' and 'propagule pool' models, although ideal for analytical investigations, can only represent the extreme ends of the continThe Genetical Society of Great Britain, Heredity, 77, 282-291. (Slatkin & Wade, 1978 As in previous studies (Mollison, 1977; Nichols & Hewitt, 1994) , we have demonstrated that in contrast to the outcome of a steady wave of colonization, rare long-distance migration during range expansion leads to the establishment of pocket populations well in advance of the main wave. The questions of interest are: (a) what are the spatiogenetic consequences, and (b) how long do they persist? Slatkin (1977) and Wade & McCauley (1988) have shown that the impact of the colonization process is dependent primarily on the numerical relationship between k, the number of colonists founding new populations, and Nm, the number of individuals exchanged between extant populations.
Because the pocket populations in the case of normal and leptokurtic dispersal are founded by rare long-distance migrants, they tend to show high levels both of inbreeding within populations (demes) and of differentiation between populations. The lag time between the formation of the advance colonies and the main body of the expanding populations leads to the formation of patches of highly inbred demes founded by migrants from the initial colonies (Fig. 2) . This effect is more pronounced in the case of leptokurtic dispersal (Fig. 3 (Fig. 2) .
To highlight further these trends, we estimated the number of dispersers exchanged between the regions (patches) in our simulation space using Wright's (1969) approximation of the gene flow parameter, Nm. For the island model where an array of populations receive migrants from a genetically constant outside source, and assuming negligible mutation rates, an estimate of Nm can be obtained using the approximation Nm = (1 -FsT)I4FST. After 1500 generations (using the values for FRT shown in Fig. 4b ) the estimates were 13.63, 14.45 and 2.38 individuals per generation for normal, steppingstone and leptokurtic dispersal, respectively. This shows that apparently identical dispersal as characterized by the variance in parent-offspring distance (Hengeveld, 1989, pp. 60-62) can lead to the varying spatial distribution of genes. The initial colonization events can explain this paradox. In the case of leptokurtic colonization, rare long-distance migrants have acted as foci for the establishment of patches of similar genotypes derived from a single or a few colonists. Different alleles may have, by chance, become abundant in different patches. The regions being compared fall within the area of these patches and reflect the extent of the differentiation between them. The estimates of local gene flow between the 12 demes within each region were 1.54, 1.60 and 1.67 for stepping-stone, normal and leptokurtic dispersal, respectively, confirming that the regions lie within relatively homogenous patches. To summarize, these estimates reveal that gene frequency differences that arise during founding can persist for hundreds of generations and estimates of present gene flow based on the divergence would be inaccurate.
Poor correlations between indirect estimates of gene flow based on gene frequency differences and the dispersal capability of organisms have been reported in a number of empirical studies (Singh & Rhomberg, 1987; Liebherr, 1988) . Boileau et al. (1992) drew attention to this problem in their allozyme survey of aquatic invertebrate taxa. Their estimates of gene flow from gene frequency divergence were inconsistent with the dispersal capacities of the taxa. They proposed historical events as an alter-native explanation and showed that when populations are founded from a few individuals and subsequently undergo rapid growth before exchanging migrants, the founder effect can persist for thousands of generations. This study shows that colonization by rare long-distance migrants can result in a similar population genetic structure.
Similarly, the significance of forms of dispersal in studies that attempt to estimate effective population size, N, was demonstrated by Waser & Elliot (1991) . Using the simplest approximation of Ne (Ne = 4xc2d), and representing d by the absolute distance between the natal and breeding locations of juveniles, they showed that kurtosis in the distribution of d reduces the N. estimates of populations of the kangaroo rat, Dipodomys spectabilis.
Finally, these results have obvious implications on the interpretation of the spatial dimension of genetic variation. Endler (1977) has discussed how patchy distributions of neutral alleles could be ascribed to the action of selective forces. Thus, unless effective selection in favour or against particular alleles has been demonstrated as in the classic case of the aminopeptidase dine in the marine bivalve mussel, Mytilus edulis (Koehn et at., 1980 (Koehn et at., , 1983 , correlation between the frequency of polymorphic genes and spatial or temporal variation in environmental factors may not be caused by natural selection only.
The action of natural selection can also be tested by comparing the observed variability of the variance in allele frequency among loci with that expected when no natural selection is acting. As pointed out by Easteal (1988 Easteal ( , 1989 , these and other theoretical predictions which are based on static models of population structure are not necessarily valid for populations undergoing range expansion. Therefore, because simple relationships between dispersal and genetic structure of metapopulations may not exist, simulation studies can assist in understanding some aspects of the patterns revealed by experimental data.
